A variety of surface plasmon resonance (SPR) peaks of gold nanoparticles was detected in the wavelength range between the SPR peak of Au/ SiO 2 ͑ϳ535 nm͒ and Au/ TiO 2 ͑ϳ655 nm͒ with the parameter x in the triple-component composite films, ͑SiO 2 ͒ 1−x /Au/͑TiO 2 ͒ x . Based on the spectrum of the dielectric constant of Au and the location of the SPR peaks, the effective refractive index n eff of these composite films was found to be almost equal to n SiO 2 · ͑1−x͒ + n TiO 2 · x. These composite films can be used as optical filters owing to their high damage threshold value ͑Ͼ6.5 MW/ cm 2 ͒. Their potential applications in nonlinear optical devices are due to their larger third-order nonlinear susceptibilities, ͑3͒ , which were measured by the degenerate four-wavemixing method at a laser wavelength of 532 nm. The ͑3͒ value reached 2.6ϫ 10 −6 esu.
INTRODUCTION
Materials with large third-order optical nonlinearity and fast response time are essential for future optical device applications. 1, 2 In the past decade, it was found that composites consisting of metal nanoparticles (such as Au, Ag, and Cu), 3, 4 embedded in a dielectric matrix were among the most attractive candidates for such applications owing to their very large nonlinear susceptibility ͑3͒ , which was known to stem from the enhancement of the local field factor near the surface plasmon resonance (SPR). 5, 6 At the limit of low metal concentration, ͑3͒ was proportional to the fourth power of the local field factor. That is, a larger value of the local field factor was very important for improving the nonlinearity of such a composite.
The local field factor f takes the form of f =3⑀ d / ͑⑀ m +2⑀ d ͒, where ⑀ m = ⑀ 1 + i⑀ 2 and ⑀ d are the dielectric constant of the metal and the dielectric matrix, respectively. Around the SPR, f can be reduced to 3⑀ d / i⑀ 2 . Obviously, near the SPR peak, a matrix with a larger dielectric constant could make the composite gain a larger value of f and, in the meantime, the SPR peak should also exhibit a shift due to the energy dependence of the dielectric constant of the metal particle. 7 Therefore, when compared with commonly used metal-doped glasses, the composites with metal particles embedded in a matrix with a large refractive index, such as TiO 2 (Ref. 8) , ZnO (Ref. 9) , or BaTiO 3 (Ref. 10) , usually have larger optical nonlinearities near their individual SPR peaks. However, these kinds of matrices are easily crystallized during thermal treatment, and then their small metal particles can join together to grow. This may result in a decrease of their nonlinearity owing to the formation of very large metal particles, because the size-dependent ͑3͒ could have a maximum value at an optimal metal-particle size ͑ϳ30 nm͒. 11 Hence, it has been important to find a way to control the metal-particle size and the size distribution in such composites in order to guarantee a large third-order nonlinearity. Multilayer structures were shown to be able to control the size distribution of the metal particles to some extent, because the layer of the dielectric matrix might prevent the movement of the metal particles from gathering.
EXPERIMENTS
͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x multilayer composite films were prepared on the fuse quartz substrates in a three-target magnetron sputtering system with computer-controlled target switching capability (Denton SJ/24 LL). Here the parameter x represents the volume percentage of TiO 2 films, and ͑1−x͒ represents that of SiO 2 films. Some of the deposition parameters are listed in Table 1 . The Au target was controlled by an rf power supply to have a lower deposition rate, whereas the TiO 2 film was obtained by introducing the oxygen atmosphere (with an Ar: O 2 ratio of approximately 9:1) into the chamber during the sputtering of Ti. The refractive index of the TiO 2 film obtained in our experiment was ϳ2.4 at the wavelength of 632 nm. Prior to the multilayer deposition, the growth rate of each component was calibrated by separately sputtering the three targets under the same deposition conditions. The results are listed in column 3 of Table 1 . Two sets of ͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x samples with an Au layer thickness of ϳ4 nm were prepared for our investigation. One set of samples had layers of SiO 2 and TiO 2 with the same thickness ͑x = 0.5͒ of about 15 nm. The other was prepared by changing the film thickness of SiO 2 and TiO 2 but leaving their total thickness unchanged in order to obtain composite films with the same Au concentration but a different value of x. Most of our experiments were done by using the former set of samples (noted as SiO 2 / Au/ TiO 2 in the following text).
The thermal treatment of the as-grown multilayer films was carried out in a high-temperature furnace. The crystallinity of the multilayer films was investigated by the x-ray diffraction (XRD) method (model: Philips PW1830). Also, the cross-sectional microstructures of the SiO 2 / Au/ TiO 2 multilayer films were investigated by transmission electron microscopy (TEM) (model: Philips CM120). The linear optical absorption spectra of these films were measured by a UV-visible (UV-VIS) spectrophotometer (Perkin-Elmer, 20) in the range of 300-1000 nm. The third-order nonlinear susceptibility ͑3͒ was measured at 532 nm using an Nd:YAG laser (Q switched and mode locked) and employing a standard backward degenerate four-wave-mixing (DFWM) scheme. The laser had a pulse duration of 70 ps, a repeat rate of 500 Hz, and a maximum peak power of ϳ6.5 MW/ cm 2 . A high-sensitivity photodiode and a lock-in amplifier were used to detect the nonlinear signals. The value of the effective ͑3͒ was measured relative to CS 2 , a reference medium that has ͑3͒ =2ϫ 10 −12 esu in the picosecond time scale, by using the following equation
where I s and I CS 2 are the intensity of the conjugate signal; n s and n CS 2 are the respective refractive indices; L s and L CS 2 are the thickness of the SiO 2 -Au-TiO 2 composite films and the CS 2 , respectively; and T is the transmissivity of the SiO 2 -Au-TiO 2 films at a given laser wavelength.
RESULTS AND DISCUSSIONS
After the heat treatment, the SiO 2 -Au-TiO 2 films were purple in color owing to the formation of the Au particles. Also, the color of the ͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x films changed from ruby to blue with an increase in the value of x from 0 to 1. The crystallization of some selected SiO 2 -Au-TiO 2 films measured by XRD methods is shown in Fig. 1 . Obviously, the Au nanoparticles were well crystallized under the experimental thermal annealing condition. In comparing the peak intensity of the Au(111) and Au(200), we know that the Au crystallites have a texture characteristic along the ͗111͘ direction. It should be noted that the TiO 2 did not crystallize when the annealing temperature was set at 950°C [ Fig. 1 (a) and 1(b)], while TiO 2 crystallites with rutile structures appeared when the temperature increased to 1050°C [ Fig.  1(c) ]. The peak intensity of TiO 2 ͑110͒ also became higher with an increase in the annealing duration [ Fig. 1(d) ] due to the growth of the TiO 2 particles. The broad peak around 2 = 22°indicated that the SiO 2 films were always amorphous even after being annealed at 1050°C for 12 h. Selected cross-sectional TEM pictures of the SiO 2 -Au-TiO 2 film with the same dimensional scale are shown in Fig. 2 . As seen in Fig. 2(a) , the as-grown films had a very good multilayer structure, where the layers with the same color as the substrate are SiO 2 and those with a deep gray color are TiO 2 . Before annealing, very small Au particles [the dark curves in Fig. 2 (a)] were sandwiched by SiO 2 and TiO 2 and were almost connected with each other to form a uniform film. However, after being annealed at 950°C for 1 h, the small Au particles aggregated together and became much bigger [ Fig. 2(b) ]. It should be noted that although the morphology of the multilayer structure remains in the annealed films, the repeat period changes. By simply comparing Figs. 2(b) and 2(a), it is easy to see that there are only eight layers of Au after the annealing instead of 15 layers before the annealing. This may be because the Au atoms go through the TiO 2 layer but are confined by the SiO 2 layers when annealed at 950°C. The reason that SiO 2 films have a stronger confinement effect than TiO 2 on the movement of Au particles is probably because SiO 2 films have a lower porosity and are not easy to crystallize. However, with a further increase of the annealing temperature to 1050°C, the confinement effect of the SiO 2 layers disappears, and the morphology of the multilayer structure of SiO 2 -Au-TiO 2 films is lost. When the electron beam is focused on individual crystallites, we see that two types of diffraction patterns are obtained, and this result reveals that the two kinds of particles are small single crystals but with different lattice constants and symmetries [insets 1 and 2 in Fig. 2(c) ]. When combined with the XRD result shown in Fig. 1 , these results indicate that the gray particles are TiO 2 crystallites. The UV-VIS spectra of the SiO 2 -Au-TiO 2 films are shown in Fig. 3 . The a and b curves in Fig. 3 are the absorption spectra of the pure Au-SiO 2 and Au-TiO 2 multilayer films, respectively, which were prepared in the same sputtering system and annealed at 950°C for 1 h. It is clear that the SPR peak of the pure Au-SiO 2 (typically located around 535 nm) was much narrower than that of Au-TiO 2 (located around 655 nm) owing to the more uniform distribution of the Au particles in the Au-SiO 2 films. The SiO 2 -Au-TiO 2 multilayer films annealed at 950°C had SPR peaks around 585 nm (curves d and e in Fig. 3 ) while the as-grown films that were brown in color usually had no special SPR peaks (as shown in curve c in Fig. 3) . With an increase in the annealing temperature to 1050°C, the SPR peak tended to split into two peaks: one close to that of Au-SiO 2 and the other approaching to that of Au-TiO 2 (curve f of Fig. 3 ). In the meantime, the peak intensity also decreased owing to the light scattering caused by the very large Au particles formed during the higher temperature annealing. As seen in Fig. 3 , the SPR peaks in the SiO 2 -Au-TiO 2 films were also narrower than those of the pure Au-TiO 2 films. To some extent, this reveals that the former film should have a more uniform particle distribution, owing to the confinement effect of SiO 2 layers.
The dependence of the SPR peaks of ͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x films on the parameter x is shown in the inset of Fig. 4 . The samples used here were of the same Au concentration and were all annealed at 950°C. It is clear that the SPR peaks shifted from 535 to 655 nm when x was varied from 0 to 1 (the inset in Fig. 4) . On the basis of the wavelength of the SPR peaks and the spectrum of the dielectric constant of Au, we may calculate the effective refractive index n eff of the ͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x films. The result is plotted in Fig. 4 versus the parameter x. The dashed line shown in Fig. 4 was obtained by using the equation n eff = n SiO 2 · ͑1−x͒ + n TiO 2 · x, where n SiO 2 = 1.46 and n TiO 2 = 2.4 are the refractive indices of pure SiO 2 and TiO 2 films, respectively, prepared in our sputtering system. As seen from Fig. 4 , the value of n eff measured in our experiment was very close to this linear equation. Thus a way to change the location of the SPR peak of such composite films is to use multimatrix materials.
The third-order nonlinear susceptibilities, ͑3͒ , measured by DFWM and the size of Au particles measured by XRD of the annealed SiO 2 -Au-TiO 2 samples are listed in Table 2 . As seen in Table 2 , the film annealed at 950°C for 1 h had an ͑3͒ value of about 2.6ϫ 10 −6 esu, which was very close to that of the Au-SiO 2 composite film and was ϳ1 order of magnitude larger than that of Au-TiO 2 . With an increase in the annealing temperature, the value of ͑3͒ decreases owing to the growth of the gold particles. The ͑3͒ value of the sample annealed at 1050°C for 12 h could hardly be measured because of the serious light scattering caused by the very large Au particles. That is, the triple-component SiO 2 -Au-TiO 2 film maintained the large third-order nonlinearity of the pure Au-SiO 2 composite film at the wavelength of 532 nm. It is known that the stronger the light absorption is, the larger value of ͑3͒ is. Therefore, based on its absorption spectrum, the SiO 2 -Au-TiO 2 film should also achieve a large ͑3͒ in a wide range of wavelengths, at least between the SPR peaks of Au-SiO 2 and Au-TiO 2 .
CONCLUSIONS
In summary, gold nanoparticles were found in the triplecomponent ͑SiO 2 ͒ 1−x -Au-͑TiO 2 ͒ x composite films after thermal annealing. These films had multilayer structures, with the Au layer being sandwiched between one layer of SiO 2 and another layer of TiO 2 . The SPR peaks induced by the gold nanoparticles doped in such thin films were found to vary with the parameter x in a wavelength range between the SPR peak of Au-SiO 2 ͑ϳ535 nm͒ and that of Au-TiO 2 ͑ϳ655 nm͒. On the basis of the spectrum of the dielectric constant of metal Au and the location of the SPR peaks, the effective refractive index n eff of these composite films was found to be almost equal to n SiO 2 · ͑1 − x͒ + n TiO 2 · x. Their third-order nonlinear susceptibility, ͑3͒ , measured by DFWM method at a laser wavelength of 532 nm, can reach a value of 2.6ϫ 10 −6 esu, which is comparable with that of the Au-SiO 2 films. The SiO 2 -Au-TiO 2 film might also gain a large ͑3͒ in a wavelength range between the SPR peaks of Au-SiO 2 (about 535 nm) and Au-TiO 2 (about 655 nm) owing to its strong absorption in this wavelength range. 
